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Page 35 

The carbon enrichment ,o the level tha, Is standard at the m ornen, quires a rninirnurn 
„ ^ H O in B O s An increase in the water content does not lead to a further C 

Z of C conversion in the GaAs. This is indirectly evidenced by the generate of 
cZp" GaAs reguli by means of 0 as chance, wherein the baiance se,„n g was 
interfered with via the gas phase (see also item 5.3). 



Pages 40-48 

6. Monocrystal growth Plf7 q M 
6.! Optimization of growing technologies with the system EKZ 900 

The resu.ts shown in this section regard the studies carried out within the scope of the 
I e equipment and techniques ta.en overfrom WCT. the first tas, waste rea the 
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constancy and reproduce monocrysta, growth. Extensive studies regarding the 
d esign o, the furnace construction showed the iimits o, the iow-pressure ,echn, q ue and 
,ed to a modifcation of the systems and to the development of a 3" technotogy a. an 
increased inert gas pressure. Technical changes to the pulling systems led to a 
Teat in the nulr o, total faitures and to an altogether improved reproduce o, 

the growing process. 

Th e goa. to reach the Wacker .eve. with respect to yie.d and dis.ocation density cou.d 
a.ready be achieved in the midd.e of the year 1 992. Tab.e 6, .1 shows, by way of 
el Je, the mean va.ues of the dis.ocation densities, ca.cu.ated fro. the -n-fa. and 
final values of the test wafers for 2" to 4" crystal. 



Crystal diameter 



WCT (12/90) IM 



FEW (2/92) 

according to original WCT 
technology) 




FEW (12/94) 

(opt. technology) 



Table 61V Comparison of the dislocation densities (EPD [cm']) of WCT and 
Table 6.1.1. ^ £ J ( mean ya|ues on crysla | beginning and end). 

Optimizing operations carried ou, with respect to essentia, growing parameter, such 
as temperature control, position of the me,, surface in the heater, or cruable „ft rate, 
reduced the average dislocation density through a stabi.ization of the process. The 
,eve, reached comp.ies with the international standard and can only be lowered to 
considerable extent by a fundamental modification of .he LEG method or the use of 
various variants of the Bridgman method. 

investigations cohducted for optimizing the 3" technology aimed at creating a 
reproducible monocle, growth and a, providing the prorogues for an in^s n 
,h charge First of all, ah increase in the average monocrysta, length o, acceptable 
ZZ V 45% oould be achieved by anaiyzing the thermal conditions in the g,owin 
reactor and by adapting the growing parameters 
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w ho,e The reason for the frequently polycrysta.line growth was found in an excess,ve,y 
strong therma, radiation o, me crysta, via the cylindrical surface. Apart from the axial 
temp ra.ure gradients required for the heat discharge via the crysta,. excess.ve ly *d,a, 
gradients were observed that led to non-„near components in the temperature toft 
Lby causing therma, stresses. When these therma, stresses exceeded a a tea 
vaiue critica. shear stress,, whioh is sma.l near the melting point o, GaAs and thus 
rapidly reached, movement and mu.tiplica.ion of the dislocations are observed 
ng in small-ang.e grain boundaries and polycrystalline growth in the en . 
he above-mentioned measure a rapid increase in diameter, based on the en„m of 
lh e crysta,. was made possibie, whi* restricted the c^sta, area with a good v,s^e 

c ,oseness to the -ho." heater after the se, diameter had been reached subsequently 
prevented an undesired heat discharge in radial direction. 

The shape o, the crys«a„, Z a,ion front to be made visible by so-called -striation- etching 
Lited for con.rol.ing the hea, flow in,o the vicinity of the phase 
thumb is: convex, shaped phase boundaries permit monocrine 9"* " 
concave , convex phase boundary shapes often ,ead to polycrystalline grow^e 
shape of the phase boundary was used as a yardstick for the assessment o, changed 
assemblies used for growing. 

The dnange in the cone growth in the case ofthe T growth did no. constitute a basic 
lotion of the probiem. To perm,, a stable monocrine growth over the who bo dy 
,eng.h ^ystais w,th a diameter above the diameter required for the produCon o 3 
wis Z to be grown in the given furnace construction. This was accompan,ed by an 
unfavorable conversion of feed material into crysta, length. The investigates 
described hereinafter were meant to solve this probiem. 

First of a„, I, was checked whether a growing near the set diameter cou.d be ach,eved 
by changing .he diameter ratio crystal : crucibie / heater. At the same time, a more 
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of the phase boundary should be improved. The first task has been fulfilled, but the 
convexity of the phase boundary deteriorated due to the melt level rising during use of 
crucibles with a smaller diameter at the same charge. The negative effect of an 
enhanced melt on the phase boundary convexity outweighed the advantage of the 
growing process on the set diameter from smaller crucibles and would have 
deteriorated the growth conditions further in the case of the intended increase ,n the 
charges. In addition, the greater closeness of the crystal to the heater caused a 
stronger decomposition of the surface of the crystals, necessitating unfavorab.y h.gh 
crucible positions for the crystal growth. That is why this approach had been 
abandoned for the time being. 

In further tests different heater lengths, changed post-heating systems and different 
graphite installations below the crucible were used. It was also found out here that 
improvements on the one hand were often accompanied by deteriorations of other 
growing parameters. 

Although longer heaters permitted an easy increase in the charge, they led to an 
intensified radial heating of the crucible bottom at the same time in cases where .t was 
not possible to carry out the growing process at an appropriate depth in the heater. The 
overheating of the crucible bottom deteriorated the convexity of the phase boundary. 
The deepest place that was possible for the phase boundary was limited on the other 
hand by the evaporation of arsenic from the near-surface regions. For these reasons 
the heater should only be as long as needed in installations having a single-heater 
system This means long enough to prevent solidification of GaAs on the bottom and 
not too long to be able to perform growing near the temperature maximum of the heater 
without an excessive decomposition of the crystal part exiting from the boron ox.de. 
This means also that at increased charges (and thus necessarily longer heaters) the 
growth conditions will deteriorate at any rate during the growing process. 
To reduce the axial temperature gradient in the crystal and to limit the "visible contact" 
of the outer crystal surface towards the cold recipient wall, various pass,ve post- 
heaters were tested. What was positive was a considerable reduction of the 
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temperature variations in the gas phase above the boron oxide to about 50% of the 
initial value. This would permit a more stable growing and better prevention of twin 
formations to a greater degree. This measure, however, was also confined by the 
problem of arsenic evaporation. Changes in the furnace constructions below the 
crucible allowed for a different heat discharge via the crucible bottom and thus a 
targeted variation of the convexity of the phase boundary. 

The tests performed yielded a number of positive approaches for improving the growth 
conditions and for increasing the charges. In the final analysis these could not be 
realized or only realized to a limited degree because of the excessive decomposition of 
the crystal surface. In accordance with the finding that all efforts for growing long 
crystals with the low-pressure method are abortive without restriction or prevention of 
the formation of Ga channels, even if other essential growing parameters are mastered, 
the following investigations were primarily concerned with measures for reducing 
arsenic loss from the crystal surface and with the accompanying formation of Ga 
channels. 

The change in the furnace structures for eliminating said problem aimed at 

• a better protection of the crystal from the heater radiation, 

• a better convective cooling of the crystal and 

• the provision of an additional arsenic vapor pressure source. 
The following measures were taken: 

• the cooling surface for the inert gas was increased, 

• the post-heater was modified, 

• additional heat shields were mounted between crystal and heater, 

• various crucible support plates and heaters of different length were tested, 

• and an As vapor pressure source was installed. 

On the whole, various growing assemblies were obtained for growing monocrystals 
within the present length range after optimization of other growing parameters. The 
main problem, i.e. considerable reduction of the arsenic evaporation, was however 
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not solved by these meases (see Fig. 6.1 .1 .), or it was only solved by accepting a 
deterioration of other growing parameters to an extent no longer allowing a stable 
monocrystal growth. It has been found that apart from the lateral heater radiation the 
thermal coupling between costal and melt was so great that changes in the furnace 
structures in the surroundings of the crystal were no longer adequate as such. As 
exacted, the use of argon instead of nitrogen as an inert gas showed no decrease 
l„ the loss of arsenic due to the heating capacity that was only half as h,gh. The 
evaporation, which is more uniform with respect to nKrogen, over the circumference 
(several weaker Ga channels) alone does not represent a soluton. 




Fig. 6.1 .1: 3" crystal no. 40668, produced according to the low-pressure method 

On the v*ole, the charges could not be increased with the existing plant technology 
exploiting the low-pressure technique. However, the studies made as well as 
options of the process parameters led to an essential stabilize.™ of the 3 
process w«h continuously improved yields. For instance, measures for lowenng 
thermally caused stresses contributed to a significant reduction of crack formats, 
ab ove all in the pr ocessing of Te-doped crystals. Plastic deformations of the crystals 
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could be reduced by decreasing the axial and radial temperature gradients dunng the 
cooling phase. Fig. 6.1 .2 shows the development of the yield from 1992 till the end of 
1994. The yield could almost be doubled during the report period as compared to the 
start level 1992 (= yield level at WCT in 1990). 



■o 



Z~7\ 



'l!'HY19B2 2.HY1992 



1.HY19B3 2.HYW3 1HY1994 2. HY1994 
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Fig. 6.1 .2: Averaged yield development for 3" SI-GaAs monocrystals from 1992 to 



1994 



For eliminating the problem of arsenic evaporation from the GaAs source, a modified 
low-pressure facility was put into operation. This My permitted the use of an 
increased inert gas pressure up to 10 bar. It was the aim to confine arsen,c 
evaporationby an improved convective cooling of the crystal surface already at the 
initial stage The first crystals grown wrth this system already showed that the method 
that had been adopted was correct. Using the standard charges, crystals with a h,gh 
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structural perfection and without Ga channels could be grown. Fig. 4.1.3 shows a 3 
crystal from an initial charge increased by 25%. The growing of crystals from ,n,t,al 
quantities that had been increased by 40% could be carried out with success. For 
maintaining the monocrine growth overtha crystal length, it was however 
necessary at the increased inert gas pressure to grow with a diameter above the 
diameter required for producing 3" wafers. That is why the tests that had been 
stopped in the low-pressure technique were once again resumed with respect to 
furnace structure with a greater ratio of crystal : crucibte / heater diameter. 





Fig. 6.1.3: 3" crystal no. 40644, produced according to the modified low-pressure 

method 

Using an increased inert gas pressure, ft was not possible to adopt the furnace 
structures from the tow-pressure technique in an unrestricted way. An enhanced 
convection in the gas chamber of the recipient led to greater temperature variahons 
in , he surrouno^ofthe phase boundary. Rapid increases in the diameter and re- 
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melting processes during pulling of the seed extension and in the cone area 
augmented the probability of twin formation and noncrystalline growth. An adaptation 

of 

• the resistance heater, 

• the shield cover, 

• and of the passive post-heater 

,o these conditions solved those problems. A further consequence of the increased 
aas convection was a stronger cooling of the crucible bottom, During crystallization * 
had the result that GaAs also solidffied on the crucible bottom. The growing together 
of the cnrstal wKh the melt that had solidified on the bottom ended with the decline of 
the crystal A useless crystal and a higher probability that the expensive pBN crucible 
would be destroyed upon removal of the material were the consequences. The 
problem could be eliminated by a new construction of the support plate. 
The stronger convecthre cooling of the crystal surface permrtted, without excessrve 
crystal decomposition, a shifting of the position of the phase boundary between 
crystal and GaAs melt towards the temperature maximum of the heater to such an 
extent that a stable monocrystalline growth became possible. 

After optimization of further growth parameters a technique could be developed that 
yielded reproducibly good results. In comparison with the low-pressure technique, 
the yield could be enhanced once again. In addition the improved conversion of fte 
charge into crystal length led to an increase in the number of wafers per crystal by 

about 20%. 

Apart from the technological developments, technical changes in the pulling facilities 
and improvements of the software led to a decrease in the number of total fatlures 
and to an altogether improved reproducibility of the growing process. 
The uncontrolled change in the pulling speed was suppressed ,n the 2' and 3 
process by modifying the pulling assembly. The equipment of the systems w,th 
•thunderstorm protection means" prevented emergency shutdown in case of short 



GRGNECKER. KINKELOEY. STCCKMAIR 1 SCHWANHAUSSER 

MAXIM1UANSTRASSE ? MUU "«"J» =f 

TEL +49-89-21 23 50 FAX +49-89-22 02 Qf 



10 



power failures. Uncontrolled rotational changes by interference pulses were greatly 
reduced by software. Also introduced was a lifting of the crucible, which depended 
on the crystal diameter, for ensuring a constant melt surface position in the heater. 
Stable thermal conditions during the test are needed for making the growing 
processes reproducible, but also between different runs. A controlled convection of 
the inert gas is needed therefor. The measurement of the heater temperature used 
for controlling the process must yield stable values. Fig. 6.1 .4 shows with reference 
to the example of the dip temperature that this was not always the case in the past. 




Monthly evaluation 



Fig. 6.1 .4 Variation of the dip temperature in different low-pressure systems, each 
data point represents the variation within a month 

Strong variations made above all the melting and nucleating process difficult. The 
reason was the reduced space available between the heater and the graphite sh.eld 
for positioning the thermocouple. When the tip of the thermocouple was not exactly 
at the same place from te st to test, considerable differences in the measured 
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temperatures could occur because of the large radial temperature gradient towards 
the cold vessel wall. A removal of the thermocouples after every test for cleaning the 
facility is unavoidable, so that another solution for this problem had to be found. The 
construction of the thermocouple mounting was revised and admissible variations in 
the dimensions were specified with the producer of the thermocouple. Since the 
temperature conditions were also influenced by the gas flow between heater and 
shield, an additional furnace component was tested with success, the component 
making said convection reproducible. Fig. 6.1.5 shows the sigma values of the dip 
temperature variation after said measures had been taken. Deviations from normally 
» 20°C pose no problems and represent a considerable improvement over the 
previously arising variations up to 50°C. 




Monthly evaluation 



6.1 .5: Variation of the dip temperature of different low-pressure systems after 
realization of the measures; each data point represents the variation 
within a month. 
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Pages 64-66 

6.2.4.2 Solid doping with carbon 

Two groups of problems had to be dealt with in connection with the direct doping of 
the GaAs with carbon. On the one hand, some kind of possibility had to be created 
for providing carbon amounts in the microgram range in a reliable manner (only 
0 000004 g carbon is needed for providing 1 kg GaAs with 1 x 10 15 at/cm 3 C). On 
the other hand the doped carbon had to be prevented from getting lost because of its 
low density before being dissolved in the melted GaAs. The first problem was solved 
in a satisfactory way. Carbon amounts in the order of 10 ug could be provided. 
Doping concentrations starting from 1 x 10 15 at /cm 3 onwards are adjustable. At an 
initial concentration of the melted gallium arsenide of less than 10 14 at/cm 3 , the 
whole range of interest has thus to be covered. Test experiments showed that the 
method functions in principle and can be used both in the low-pressure and in the 
high-pressure range. Crystal material with a resistance up to 10 9 Qcm was prepared. 
The carbon content was here up to 1 .5 x 10 16 at/cm 3 . As a rule, the C concentration 
measured in the crystal was clearly below the value to be expected from the addition. 
A considerable part of the carbon was thus bound to get lost at the beginning of the 
process. 

For determining the mode of operation of the doping process, i.e., clarifying the 
question whether the carbon added is dissolved rapidly enough in the GaAs melt or 
whether it floats and reacts with the water of the boron oxide, thereby forming carbon 
monoxide, a crystal was grown by adding the carbon isotope 13 C. The natural 
isotopic abundance of the 13 C is only 1 .1 %, so that in an undoped crystal with a total 
carbon content of 1 x 10 15 at/cm 3 the concentration of 13 C is only at about 1 x 10 13 
at/cm 3 . Thus, a higher concentration is clearly due to doping. On the whole, with a 



GRUNECKER. KINKELDEY, STOCKMAIR & SCHWANHAUSSER 



13 



doping of the melt at about 5 x 10 15 At /cm 3 13 C on only one sample, a value above 
the detection limit of 2 x 10 14 At / cm 3 could be measured (Table 6.2.4.2.1). 



Wafer 



Axial position [mm] 



"Cfcml 
"C [cmi 



K1 



27.0 



1.47*10 



K4 



65.9 
1 



11*10 



T5~ 



K5 



100.7 



1.08*1.0' 



154.2 



9.7*10' 



sum C [cm" ] 



nn<2*10 



1.47*10' 



nn < 2*10" 

Lino" 



nn<2*10 



1.08*10' 



1.21*10' 



Table 6.2.4.2.1: Carbon concentrations of the crystal 41260 

The doped carbon was thus removed almost entirely at the beginning of the growing 
process. The result is surprising, but quite understandable if one only thinks of the 
amount of the available water in the boron oxide. The decrease in oxygen potential in 
the boron oxide, which accompanies the oxidation of carbon, permits in comparison 
with a growing without any C addition a recarburization of the GaAs over CO from 
the gas phase, which is then faster, so that the desired effect of an increase in 
resistance is efficiently achieved. For improving the reproducibility further tests are 
needed as to the most advantageous way of addition. 



6.3 



Technological development 3" with system type LPA3 



Within the report period high-pressure systems of type LPA3 were again put into 
operation with the aim to exploit the variable technical and technological possibilities, 
and various techniques were developed for producing 3" crystals. The parallel 
production of low-pressure and high-pressure GaAs enabled our sector to conduct 
tests as to differences with respect to structure, chemical composition and physical 
properties. They led to a better understanding of the influence of various process 
parameters on the growth result and covered possibilities of selectively influencing 
the electrical properties of the material. 
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The technical start of the systems took place without any major problems. All of the 
system components showed a stable operation and the necessary precision. 
First of all the development of a 3" high-pressure technology for producing SI-GaAs 
from pBN crucibles was started. The necessary rule factors for an automatic 
diameter control were determined and further growing parameters were optimized. 
We succeeded in producing fully monocrystalline-grown crystals from charge sizes 
by analogy with the EKZ 800 technology. The extremely good diameter constancy of 
the crystals with variations of only a few millimeters ensured an optimum conversion 
of the charge into crystal length, contributing to a high material exploitation. An 
increase in the charge by around 12% was possible after modification of the furnace 
structure With the change in the heater geometry and an improved heat insulation of 
the crucible bottom, crystal losses which had previously occurred at the end of the 
process of growing could efficiently be prevented. 

Problems arose at the beginning of the development work with the homogeneity of 
the electrical properties (specific electrical resistance, Hall mobility). In axial direct,on 
there were changes in resistance in the order of 2 or 3, which was equal to the loss 
of the semi-insulating state towards the crystal end. An increased supply of oxygen 
due to the reaction of nitrogen with boron oxide to boron nitride according to the 

equation 

N2 + B2O3 <-+ 2 BN + 3 /2 O2 
was supposed to be the reason. After elimination of the oxygen source, we 
succeeded in keeping the specific electrical resistance over the whole crystal length 
above 1 E7 a x cm. With a change of < 8% over the wafer cross-section the high 
level of the low-pressure technique was almost reached in this field. Figs. 6.3.1 and 
6 3 2 show a comparison of the crystals 250101 and 25031, which illustrates the 
elevated quality level in the course of the development. The axial curve and, by way 
of example, the radial curve of the specific electrical resistance are shown. 
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